The spatio-temporal organization of proteins and the associated morphological changes in membranes are of importance in cell signaling. Several mechanisms that promote the aggregation of proteins at low cell surface concentrations have been investigated in the past. We show, using Monte Carlo simulations, that the affinity of proteins for specific lipids can hasten its aggregation kinetics. The lipid membrane is modeled as a dynamically triangulated surface with the proteins defined as in-plane fields at the vertices. We show that, even at low protein concentrations, strong lipid-protein interactions can result in large protein clusters indicating a route to lipid mediated signal amplification. At high protein concentrations the domains form buds similar to that seen in lipid-lipid interaction induced phase separation. Protein interaction induced domain budding is suppressed when proteins act as anisotropic inclusions and exhibit nematic orientational order. The kinetics of protein clustering and resulting conformational changes are shown to be significantly different for the isotropic and anisotropic curvature inducing proteins.
I. INTRODUCTION
Protein redistribution and clustering on the cell surface are important for signal transduction pathways 1 . At its low physiologically relevant cell surface concentrations, direct interaction between proteins cannot be the primary cause for clustering, and many active and passive mechanisms, that indirectly aid protein clustering have been proposed [2] [3] [4] [5] .
The specialized membrane domains known as rafts, which is the result of a sterol and sphingolipid enriched aggregation, are believed to be one of the precursors for the protein clustering process 1, 6, 7 . Such membrane domains are often associated with peripheral and integral proteins [8] [9] [10] [11] [12] [13] . Rafts are known to make a suitable platform for aggregation of GPI(glycosylphosphatidylinositol)-anchored proteins, which correspond to a set of exoplasmic, eukaryotic proteins exhibiting specific intracellular sorting and signaling properties 5, 14 .
Caveolin and clathrin are some of the non raft proteins associated with lipid domains 2, 15, 16 .
Caveolae are glycolipid enriched domains, that are flask like invaginations formed by the assembly of Caveolin proteins. It is not clear if these lipid-protein domains arise from the direct interactions between the proteins or due to the interaction between non-protein membrane constituents and the affinity of proteins to certain membrane composition 17, 18 .
Another factor that has lead to considerable interest in understanding the mechanisms behind lipid-protein sorting in biological membranes is the asymmetric distribution of lipids and proteins in the intercellular organelles such as the golgi and endoplasmic reticulum 19, 20 .
Lipids can dynamically vary the constituents of a membrane by selectively recruiting various proteins which in turn can change the functionality of the membrane, and similarly proteins can sort lipids to specific membrane locations through steric or electrostatic interactions [21] [22] [23] .
The membrane protein aggregation due to lipid-protein interactions has been studied using coarse grained molecular dynamics approaches when the length scale of interest are of few tens of nanometers 23 . Since our aim here is to explore the role of lipid-protein interaction in the formation of domains and since the length scale of the resulting conformational changes are much larger than the membrane thickness, we consider a mesoscale computational approach. Existing computational studies on the equilibrium or dynamic properties of membranes membranes mostly deals with lipid phase separation following a quench into the two phase coexistence regime [24] [25] [26] [27] Section III B 2 and III B 3 is dedicated, respectively, to discussion on how explicit proteinprotein interactions and the curvature remodeling activity of proteins affect cluster growth.
Our main results are the following. We show that the affinity of proteins for certain type of lipids can lead to formation of large protein clusters even at low concentration of proteins.
The increase in protein cluster growth rate, due to strong lipid-protein interaction, indicate a route to lipid mediated signal amplification. It is pointed out that the absence of line tension at the domain boundary, at low protein concentration, is the primary reason for enhanced kinetics of domain growth. The domain growth is slower at high protein concentrations and when proteins act as anisotropic inclusions to exhibit nematic orientational order.
II. MODEL
In the Monte Carlo simulations carried out here, the conformation of a lipid membrane is approximated to be that of an elastic sheet represented by a randomly triangulated surface.
In this scheme, a vesicle of spherical topology is represented by
links and N T = 2(N v − 2) triangles and the triangulation is changed randomly to simulate the in-plane fluidity of the membrane. In the case of an isotropic and homogeneous membrane, the energetics of the elastic sheet is described using a discretized form of the Helfrich
Hamiltonian,
where summation is over all the vertices of the triangulated membrane. Here κ is the bending rigidity of the membrane, C 0 is the spontaneous curvature resulting from lipid asymmetry of protein induced deformations in the bilayer, H v is the mean curvature defined at the vertex and A v is the area associated with the vertex v, computed as in Ramakrishnan et. al. 30 .
To model a multicomponent vesicle with two coexisting lipid compositions and one type of 
where the summation runs over all the neighboring pairs.
The lipid-protein interaction is modeled using the Hamiltonian,
The prime on the summation indicates that the protein field at any vertex is allowed to interact with the lipids within the one ring neighborhood including its own vertex. When we choose J pφ > 0, the lipid-protein interaction is attractive between the proteins and type A lipids. Since A lipids are miscible in B lipids and is the minority component, in this article we will often refer to lipid composition of type A as co-lipid.
The presence of curvature active proteins modulate local membrane shapes by inducing spontaneous curvature. We study two classes of curvature generating proteins: the first kind of proteins induce a uniform mean curvature on the membrane and the second kind 
where, Φ(n v ,n v ), the angle between the two in-plane field vectors on the tangent planes at neighboring vertices v and v , is computed using a parallel transport operation 30 . The protein orientation field is coupled to the membrane curvature using a discretized version of the Hamiltonian proposed by Frank and Kardar 33 ,
H n, and H n,⊥ are the curvatures along the directionsn v andn The multicomponent vesicle is equilibrated through a set of Monte Carlo (MC) moves with the total effective Hamiltonian:
We only 
B. Protein clustering due to lipid-protein interaction
In this section we investigate how the lipid-protein interaction can change the effective protein clustering and the structural properties of protein inclusions affect protein clustering. In the following discussion we consider domain formation without explicit lipid-lipid interactions and constant lipid-protein interactions, i.e., we take J φ = 0 and J pφ = 2.
Concentration of proteins and lipids
Here we study the aggregation of proteins at a smaller protein concentration compared to the previous cases. We keep p % = 10 and study the domain formation by varying φ % .
The resulting conformations and the largest cluster sizes are shown in Fig. 8 . As shown in panel(b), the domains bud for equal concentration of co-lipids and proteins. When φ % > p % the line tension decreases and hence the domains remain flat. The increase in cluster sizes due to the flat domains can be seen in Fig. 8(a) . When φ % ≥ 20, at early times we observe a domain growth that depends on the fraction of co-lipids present and at late times a complete MC steps (t) clustering of proteins. Even when φ % >> p % we observe a large cluster instead of small clusters. This could be due to the increase in entropy due to the configurational freedom of proteins in a larger cluster compared to small domains.
Complete protein clustering, even at low values of protein concentration and in the absence of any direct protein-protein interaction, can be achieved through lipid-protein interaction is one of the main results presented in this paper. To understand this more quantitatively we also looked at lipid-protein aggregation as a function of p % when φ % = 30. In Fig. 9 (a) we show C lp /p % to represent the fraction of proteins clustered and in Fig. 9(b) , the corresponding conformations at 5 × 10 6 MC steps. For low protein concentrations (p % = 5, 10) a complete clustering of proteins is observed. The fraction of protein clustered is minimum when p % = 30, which is equal to φ % . This is expected as the line tension and membrane deformations are maximum when p % = φ % . MC steps (t) 
Explicit protein-protein orientational interactions
In this section we focus on the effect of a direct interaction between the proteins in ad- As time progress the domain boundaries take a circular shape. However, due to the energy cost in maintaining parallel orientation of the protein field, the domains do not bud as in the case with LL = 0. between the protein fields. The membrane conformations in the presence of curvature active proteins when J pφ = 2 are shown in Fig. 12(b) . Though no explicit orientational interaction between the proteins are included, the proteins in a domain tend to align due to similar induced curvature. At early time the clusters grow faster than those seen for C 0 = 0 (refer Fig. 2(a) ). At later times, these domains coalesce resulting in larger clusters until they are big enough to deform the membrane to form tubular structures. Such a large scale aggregation is not observed in the case of proteins that induce isotropic curvature as the domain induced budding occurs at an earlier stage.
IV. CONCLUSIONS
We propose a Monte Carlo based multicomponent vesicle model that includes the effect of lipid-lipid, lipid-protein and protein-protein interactions to study (1) the kinetics of protein induced membrane domain formation and (2) the domain induced conformational changes Our simulations explored the effect of lipid-protein interactions on protein clustering and showed that even at small protein concentrations it is possible to get complete protein clustering. We also examined the role of the structural properties of the proteins on the protein aggregation. An explicit protein-protein interaction which prefers parallel alignment of proteins is shown to reduces diffusion of clusters and limits budding of domains. The clustering of curvature active proteins is shown to have significant dependence on the anisotropy of the induced curvature, with stronger anisotropy suppressing budding and favoring larger cluster formation.
